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Abstract
We study the (tree-level) weak radiative decays of B mesons. We present a numerical
estimate for the inclusive b → Xcγ(γ) modes based on the free-quark decay. We then
review what is known for the B → D⋆γ modes in the framework of heavy quark effec-
tive theory and chiral perturbation theory. Finally, we extend these ideas to the double
radiative decay modes B → Dγγ. We find that the b → Xcγγ rate is about an order
of magnitude larger than the corresponding b → Xsγγ rate. We also find the branching
ratio for the B → Dγγ mode with most favorable CKM angles at the few ×10−8 level,
comparable to predictions for B → Kγγ.
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I. INTRODUCTION
The radiative penguin b decay of the form b→ sγ has received much attention in
the literature because it is sensitive to certain types of physics beyond the standard
model. The HFAG quotes an average for the measured branching ratio B(b →
sγ) = (354+30−28) × 10−6 [1]. Recently the double radiative decay mode b → sγγ
has received some attention in connection with the possibility of measuring it at a
Super-B factory at the 10−7 level [2]. This is the level at which it is expected to
occur in the standard model [3, 4].
There is another type of radiative b decay modes in which the weak decay pro-
ceeds via the charged current at tree-level, b → Xcγ(γ) and b → Xuγ(γ). These
modes are expected to be dominated by standard model physics and have received
much less attention. We begin this paper with a simple numerical estimate for these
modes suggesting that b → Xcγγ can also be observed at a Super-B factory. We
then turn our attention to some of the exclusive modes.
The charged mode with one photon, B+ → D+⋆γ, has been studied before in
the context of heavy quark effective theory as a potential probe for Vub by Grinstein
and Lebed [5]. The neutral mode with one photon, B¯0 → D0⋆γ, has been studied
by Cheng et. al. [6] in a slightly different context. We first review what is known
about these modes using the framework of heavy quark effective theory and chiral
perturbation theory and present new results that include the effect of intermediate
positive parity states. We find that these intermediate states have an important
effect on the overall rates, particularly for the charged modes, due to a partial
cancellation that occurs in the leading order amplitude.
We then extend these results to the case of the double radiative decay modes
B → Dγγ. We include the lowest lying positive parity states in our calculation and
find that they play an important role, just as they do in the single radiative decay
modes. The double radiative decay modes present, in principle, the opportunity
to study the heavy quark and chiral expansions by looking at different kinematic
regions. In practice, however, this may not be possible due to the small rates. We
find that the mode with the most favorable CKM angles can occur at the few ×10−8
level and is perhaps observable at a Super-B factory.
II. b→ Xcγ AND b→ Xcγγ
We begin by discussing the inclusive radiative decays. We work in the free
quark approximation where b→ Xcγ and b→ Xcγγ arise from the tree level quark
processes b→ cu¯dγ and b→ cu¯dγγ (we take Vud = 1). Our goal is to compare these
processes to the one-loop processes b→ Xsγ and b→ Xsγγ that have been studied
at length in the literature. We will limit ourselves to a numerical estimate with the
aid of CompHEP [7].
The process b→ Xcγ is to be compared with the inclusive b→ Xsγ. Accordingly
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we impose a cut on the photon energy 1.8 GeV ≤ Eγ ≤ 2.8 GeV corresponding to
the energy range studied by the Belle collaboration [8]. We also impose a separation
cut that requires a minimum angle θmin between the photon and the final state
quarks. With values of 5◦ ≤ θmin ≤ 20◦ for this minimum angle we obtain rates
Γ(b→ cu¯dγ) between 3× 10−18 GeV and 5× 10−18 GeV. To estimate the branching
ratio for the inclusive process we then use
B(b→ Xcγ) = Γ(b→ cu¯dγ)th
Γ(b→ ce−ν)thB(B
+ → Xce+ν)exp
∼ (7− 11)× 10−6. (1)
To obtain this number we used Vcb = 0.0413 [9], B(B
+ → Xce+ν)exp = (11.15 ±
0.26 ± 0.41)% [10] and quark mass values mb = 4.8 GeV, mc = 1.5 GeV which
are the ones used in the theory estimates of b → Xsγγ. We show in Figure 1 the
photon energy spectrum for the case of θmin = 5
◦. The characteristic bremsstrahlung
spectrum falls rapidly with the photon energy and for this reason B(b → Xcγ) is
much smaller than the penguin mode B(b → Xsγ) = (3.3 ± 0.4) × 10−4 [9] in this
energy range.
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FIG. 1: Photon energy spectrum in b→ Xcγ with θmin = 5◦.
Next we consider the double radiative mode B → Xcγγ in a similar way. We
wish to compare it to the penguin process B → Xsγγ which has not been observed.
We use instead the theoretical calculation of Reina et. al. [3, 4] which finds B(B →
Xsγγ) ∼ 3.7 × 10−7 (including LO QCD corrections and using the quark masses
mentioned above). They also require that the energy of each photon be larger than
0.1 GeV, that the photon pair invariant mass be larger than 0.1mb, and that the
photons be separated from each other and from final state quarks by at least 20◦.
They find a spectrum that is sharply peaked at low Mγγ invariant mass.
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For our calculation we estimate B → Xcγγ from the leading tree-level contribu-
tion b → cu¯dγγ. With the same cuts used by Ref. [3, 4] for B → Xsγγ we obtain
Γ(b→ cu¯dγγ) = 1.9×10−18 GeV and this goes up to 3.2×10−18 GeV if the angular
cuts are relaxed to 10◦. Proceeding as in Eq. (1) we arrive at
B(B → Xcγγ) ∼ (4.2− 7.2)× 10−6. (2)
In Figure 2 we show the two photon invariant mass distribution.
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FIG. 2: M2γγ distribution for the process b→ Xcγγ with the cuts described in the text.
Once again we see a spectrum that is strongly peaked at low invariant mass.
Comparing our results to those of Ref. [3, 4] it is clear that B → Xcγγ can be a
significant background to B → Xsγγ. Notice that the total rate for the double
radiative decay mode is comparable to that for b → Xcγ. This of course is due to
the much tighter photon energy cuts imposed in that case.
III. EXCLUSIVE MODES AND HQET
In this section we collect the ingredients necessary to calculate the amplitudes
for the exclusive modes guided by heavy quark effective theory, combined with SU(3)
chiral perturbation theory 1.
1 Similar methods were used in Ref.[11] to calculate rare D0 decay to two photons
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A. Radiative decays of heavy mesons
The strong interactions involving the heavy meson (0−, 1−) doublet (the light-
est pseudoscalar and vector mesons containing one heavy quark) and light pseudo-
scalars are described by the effective Lagrangian (we drop the subscript v that
indicates the velocity of the heavy meson to simplify the notation) [12, 13, 14]
L = −iT r(H¯(Q)a v ·DbaH(Q)b ) + gTr(H¯(Q)a H(Q)b γνγ5Aνba). (3)
In Eq. (3) we use the standard notation in which
• The heavy pseudoscalar and vector meson fields with heavy quark Q and light
anti-quark q¯a are destroyed and created by the field H
(Q)
a and its Hermitian
conjuagte. They are given by
H(Q)a =
1 + /v
2
(
P (Q)⋆aµ γ
µ − P (Q)a γ5
)
(4)
which transforms under chiral symmetry as H
(Q)
a → H(Q)b U †ba. The Hermitian
conjugate matrix H¯
(Q)
a = γ0H
(Q)†
a γ0.
• Mesons containing heavy anti-quarks Q¯ and light quarks qa are destroyed and
created by the fields
H(Q¯)a = (P
(Q¯)⋆
aµ γ
µ − P (Q¯)a γ5)
1− /v
2
H¯(Q¯)a = γ0H
(Q¯)†
a γ0 (5)
• The pseudo-Goldstone boson octet, φ is incorporated into a 3 × 3 unitary
matrix Σ = exp (2iφ/fπ) which transforms under chiral symmetry as Σ →
LΣR†. In Eq. (3) they enter through the matrix ξ where Σ = ξ2 and the
transformation properties of ξ under chiral symmetry ξ → LξU † = UξR†
define the matrix U . The charges of the light quarks appear through the
diagonal matrix Q with entries 2/3,−1/3,−1/3.
• The chiral covariant derivative and axial current in Eq. (3) are given by
Dµab = δab∂
µ − V µab = δab∂µ −
1
2
(ξ†∂µξ + ξ∂µξ†)ab
Aµab =
i
2
(ξ†∂µξ − ξ∂µξ†)ab (6)
The leading order electromagnetic coupling is obtained from Eq. (3) by minimal
substitution. However, the couplings arising from this procedure (for charged B
and D mesons) do not contribute to the processes B → Dγ or B → Dγγ as can be
seen by explicit computation. The lowest order electromagnetic coupling that will
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contribute to these processes is the transition magnetic moment [14, 15, 16, 17, 18].
For mesons containing a heavy quark it can be written as,
Lem = −eeQµ
(h)
4
Tr(H¯(Q)a σµνH
(Q)
a )F
µν − eµ
(l)
4
Tr(H¯(Q)a H
(Q)
b σµνQξbaF µν), (7)
where Qξ = 1
2
(ξ†Qξ + ξQξ†).
The coupling consists of two terms corresponding to the decomposition of the
electromagnetic current into heavy and light quark parts,
µa = eQµ
(h) + eaµ
(l) ≡ µ(h)a + µ(l)a =
eQ
ΛQ
+
ea
Λa
, (8)
where ea is the charge of the light-quark. The heavy quark contribution at leading
order in the 1/mQ expansion is given by ΛQ = mQ [19, 20]. The light quark contri-
bution in the SU(3) symmetry limit is usually called Λ−1a = β [14]. This constant
has been estimated in vector meson dominance models [21] as well as in chiral quark
models [22] (along with SU(3) breaking corrections). The leading SU(3) violations
have also been calculated [16]. More generally, the heavy quark contribution when
the mesons have different velocity is modified to µ
(h)
a = eQξ(ω)/mQ [17, 23] where
ω = v · v′ and ξ(ω) is the Isgur and Wise function.
Eq. (7) generates the following amplitudes,
M(D⋆(η)→ Dγ(q, ǫ)) = −ieµDǫµναβǫ⋆µηνqαvβ ,
M(D⋆(η1)→ D⋆(η2)γ(q, ǫ)) = eµD⋆ (q · η1ǫ⋆ · η⋆2 − q · η⋆2ǫ⋆ · η1) , (9)
where we have defined µD⋆ ≡ (µD(h)a − µD(l)a ). Analogous relations with µD,D⋆ →
µB,B⋆ then hold for the B system. In the heavy quark and SU(3) limits, the magnetic
moments consist only of the light quark contribution given by µa = eaβ. For our
numerical estimates we will use the leading magnetic moments as well as the mag-
netic moments in three models tabulated in Ref. [17]: “χLM” a chiral loop model;
“VMD” a vector meson dominance model; and “RQM” a relativistic quark model.
The magnetic moments from Eq. (7) are defined for on-shell transitions between
a vector and a pseudo-scalar of the same mass. In our calculations one of the mesons
will be off its mass shell and the corresponding form-factors should be evaluated at
k2 ∼ −δm2 for the single radiative decay modes: eµ ≡ gM(0)→ eµgM(−δm2) where
δm ≡ mb −mc. On general grounds one expects the form factor to change over a
characteristic scale ΛQCD, so there is large uncertainty associated with the use of
the on-shell form factors. Formally the results we obtain, correspond to the so called
generally low velocity (GL) limit in which [5]
δm ∼ ΛQCD ≪ mb. (10)
Alternatively one can model the momentum dependence of the form factors as was
done in Ref. [6] for the neutral modes. We will not include a momentum dependence
of the form factors in our estimates but instead introduce two additional effects.
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First we will keep certain terms that are formally of order δm/mb arising from spin
one propagators as described later on. We will also consider additional heavy meson
intermediate states; the positive parity P-waves of the system Qq¯. However, we will
neglect higher total spin resonances.
The positive parity states that we include are predicted by HQET to lie in
two distinct multiplets: (0+, 1+)=(B0, B1) and (1
+, 2+)=(B˜1, B2). Generically we
will refer to them as B⋆⋆ and will discuss the case of B mesons for definiteness,
with corresponding results for D mesons also used in our calculation. The velocity
dependent fields are introduced in a manner similar to the field H in Eq. (4) [24, 25]
S =
1
2
(1 + /v)[ /B1γ5 − B0]
T µ =
1
2
(1 + /v)
[
Bµν2 γν −
√
3/2B˜1νγ5(g
µν − 1
3
γν(γµ − vµ))
]
(11)
The electromagnetic transitions between a member of these doublets and a member
of the (0−, 1−) doublet have also been discussed in the literature. Analogously to
Eq. (7) the couplings receive contributions from the heavy and light quark currents.
The heavy quark contribution to the (1+, 2+) to (0−, 1−) transition in the charm
case can be found in [26]. A simple way to reproduce those results consists of using
the matrix elements for < B⋆⋆|V µ|B > obtained by Isgur and Wise [23] to match
the effective Lagrangian L ∼ Tr (H¯iγβT αj QijFαβ). Similarly one can start from the
Isgur and Wise results and impose gauge invariance for the kinematic conditions we
consider to obtain the heavy quark contribution to the (0+, 1+) to (0−, 1−) transition.
The light quark contributions can be determined at leading order in chiral per-
turbation theory in terms of two unknown constants,
L = − ie
Λ′3/2
Tr
(
H¯iT
α
j γ
βQijFαβ
)− e
4Λ′1/2
Tr
(
H¯iSjσµνQijF µν
)
+ h. c. (12)
Combining the heavy and light quark contributions for the T doublet leads to
the amplitudes (we include only those that do not vanish at leading order in the
1/mQ and chiral expansions)
M(B2(v, ǫ2)→ B⋆(v, ǫV )γ(q, ǫ)) = −2
√
3eµTB
(
ǫαβ2 qαǫ
⋆
V βǫ
⋆ · v − ǫµβ2 ǫ⋆V βǫ⋆µq · v
)
M(B˜1(v, ǫ1)→ B⋆(v, ǫV )γ(q, ǫ)) = i
√
2eµTBǫ
µναβqµǫ
⋆
νǫ
⋆
V αǫ1β
M(B˜1(v, ǫ1)→ B(v)γ(q, ǫ)) = 2
√
2eµTB (q · ǫ1v · ǫ⋆ − q · vǫ1 · ǫ⋆) . (13)
Similarly for the S doublet we obtain
M(B1(v, ǫ1)→ B⋆(v, ǫV )γ(q, ǫ)) = −ieµSBǫµναβqµǫ⋆νǫ⋆V αǫ1β
M(B1(v, ǫ1)→ B(v)γ(q, ǫ)) = eµSB (q · ǫ1v · ǫ⋆ − q · vǫ1 · ǫ⋆)
M(B0(v)→ B⋆(v, ǫV )γ(q, ǫ)) = eµSB (q · ǫ⋆V v · ǫ⋆ − q · vǫ⋆V · ǫ⋆) . (14)
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Corresponding expressions for charm are obtained with the obvious replacements
µT,SB → µT,SD . For bottom these effective coupling constants are
µTB ≡
(
ebτ
3/2(1)
mb
+
ea
Λ′3/2
)
, µSB ≡
(
2ebτ
1/2(1)
mb
+
ea
Λ′1/2
)
. (15)
For the light quark contributions, Λ′3/2 corresponds to
√
3/(f−f ′) of Ref. [26]. Using
their estimate for the D system, we take Λ′3/2 ∼ (2.75 − 3.5) GeV. Similarly, Λ′1/2
corresponds to Λ′ of Ref. [27] where it is estimated that Λ′1/2 ∼ 1.25 GeV. For the
heavy quark contributions we have used the Isgur-Wise functions τ 1/2,3/2 estimated
in Ref. [28] to be τ 1/2,3/2(1) ∼ 0.24 (ξ3/2 of Ref. [26] corresponds to √3τ 3/2) . More
recent estimates of these functions using the light-front formalism [29] and lattice
calculations [30] indicate larger values, particularly for τ 3/2(1) up to 0.61. These
estimates also indicate that these functions vary by less than factors of two over the
range of ω that is kinematically allowed in B → Dγγ.
Finally we will also need (0+, 1+) to (0+, 1+) and (0+, 1+) to (1+, 2+) electromag-
netic transitions. The former receives heavy and light quark contributions, whereas
the latter only receives light quark contributions at order 1/mQ. They can be ob-
tained from the Lagrangian
L = − eeQ
4mQ
Tr(S¯aσµνSa)F
µν− e
4Λ˜1/2
Tr(S¯aSbσµνQabF µν)− ie
Λ˜3/2
Tr
(
S¯iT
α
j γ
βQijFαβ
)
.
(16)
The new constants Λ˜1/2,3/2 are not known. For our numerical estimates we use
Λ˜1/2 ∼ Λa and Λ˜3/2 ∼ Λ3/2. With this choice the magnetic transitions within the S
multiplet are the same as those between members of the H multiplet, for charm for
example one has
M(D1(η)→ D0γ(q, ǫ)) = −ieµDǫµναβǫ⋆µηνqαvβ,
M(D1(η1)→ D1(η2)γ(q, ǫ)) = eµD⋆ (q · η1ǫ⋆ · η⋆2 − q · η⋆2ǫ⋆ · η1) , (17)
and corresponding expressions for bottom. The (0+, 1+) to (1+, 2+) vertices for
bottom are
M(B2(v, ǫ2)→ B1(v, ǫV )γ(q, ǫ)) = i2eµTSB
(
ǫαµνγǫαβ2 qβvµǫ
⋆
νǫ
⋆
1γ + ǫ
αµνγǫαβ2 qµvνǫ
⋆
βǫ
⋆
1γ
)
M(B˜1(v, ǫi)→ B1(v, ǫf )γ(q, ǫ)) = −eµTSB
√
2
3
(
q · ǫiǫ⋆ · ǫ⋆f − q · ǫ⋆f ǫ⋆ · ǫi
)
M(B˜1(v, ǫ1)→ B0(v)γ(q, ǫ)) = i2eµTSB
√
2
3
ǫαµνγqαvµǫ
⋆
νǫ1γ , (18)
and corresponding expressions for charm. We have defined
µTSB ≡
ea
Λ˜3/2
. (19)
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B. Weak transitions
Within the standard model, the effective weak Hamiltonian responsible for the
∆B = 1 transitions at tree-level is (with di = d or s)
H = GF√
2
[V ⋆cbVudi (C1Q
n
1 + C2Q
n
2 ) + V
⋆
ubVcdi (C1Q
c
1 + C2Q
c
2)] + h. c. (20)
where the neutral modes B0 → D¯0(D¯0⋆) are mediated by Qn1 = (b¯di)V−A(u¯c)V−A
and Qn2 = (b¯c)V−A(u¯di)V−A; and the charged modes B
+ → D+(D+⋆) are mediated
by Qc1 = (b¯di)V−A(c¯u)V−A and Q
c
2 = (b¯u)V−A(c¯di)V−A respectively
2. Our first task
is to write the operators corresponding to Eq. (20) in the heavy quark effective
theory.
For the charged modes this was already done in Ref. [5]. The operators Qc1,2 can
be written in terms of their heavy (A,B) and light (a, b) degrees of freedom in the
more general form
OabA¯B = A¯γµ(1− γ5)aB¯γµ(1− γ5)b. (21)
As pointed out by Grinstein and Lebed [5], this form illustrates that there are
symmetry relations that would allow one to extract the coupling of this effective
Lagrangian from the measurements of B − B¯ mixing.
For the charged transitions this operator has to destroy a heavy and light quarks
of flavor (A¯, a) = (b¯, u) and create a heavy and light quarks of flavor (B¯, b) = (c, d¯i).
This operator transforms as a (6L, 1R) under the chiral symmetry and, as shown in
Ref. [31], Eq. (21) matches in the symmetry limit of the effective theory onto
OabA¯B = βWTr
[
(ξacH
(A¯)
c )γµ(1− γ5)
]
Tr
[
(ξbdH¯
(B)
d )γ
µ(1− γ5)
]
(22)
As pointed out in Ref. [5] this same operator with (A¯, a) = (b¯, d) and (B¯, b) =
(b, d¯) is responsible for B − B¯ mixing so that in principle the coefficient βW can be
extracted from experiment (for this case there is an additional color factor of 8/3).
This heavy quark symmetry relation is valid in the GL limit where mB −mD <<
ΛQCD and the four velocity of the B and D
⋆ mesons is the same. For our numerical
estimates we will use
βW =
1
4
fBfD
√
mBmD ∼ (0.034± 0.009) GeV3, (23)
where we used the decay constants fB = (191± 27) MeV [32] and fD = (225+11−13 ±
21) MeV [33]. This last one is in good agreement with the recent CLEO measure-
ment fD = (222.6± 16.7+2.8−3.4 MeV [34].
2 For our numerical estimates we will use the tree-level coefficients C1 = 0, C2 = 1. QCD correc-
tions are known, but this difference is much smaller than other uncertainties in our calculation.
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For the radiative decay modes that we consider in this paper there are no light
pseudoscalars involved so we set ξ = 1 in Eq. (22) to obtain the matrix elements:
< D∗v(η)|OabA¯B|B∗v(η
′
) > = 4βWη · η′⋆,
< Dv|OabA¯B|Bv > = 4βW ,
< D∗v(η)|OabA¯B|Bv > = −4βW η · v,
< B∗v(η)|OabA¯B|Dv > = −4βW η · v, (24)
where η, η′ are the vector meson polarization vectors and v the B meson velocity.
The last two terms vanish when the condition v · η = 0 is used, we retain them
because we will use them beyond leading order in the heavy quark expansion later
on, as they contribute known terms of order (mb −mc)/mc.
The neutral modes involving the weak transition B0i → D¯0 are mediated by the
operators Qn1,2 in Eq. (20). To construct a matching operator in the effective theory
we notice that they transform as (8L, 1R) under the chiral symmetry. We also need
to extract the part of the operators responsible for destroying a heavy anti-quark
(of flavor b) and creating a heavy anti-quark (of flavor c). A possible match for Qn2
of the current-current form is
O = Tr
[
H¯(c¯)a γµ(1− γ5)H(b¯)f
] (
ξ†∂µξ
)
fa
. (25)
However, this operator does not contribute to the processes without light pseudo-
scalars that we are discussing.
A possible operator that does contributes to B0i → D¯0 transitions at tree level
is of the form
O = β ′WTr
[
(H¯
(c¯)
j ξ
†
ju)γµ(1− γ5)
]
Tr
[
(ξdkH
(b¯)
k )γ
µ(1− γ5)
]
. (26)
This operator leads to matrix elements analogous to those in Eq.(24) with βW → β ′W .
As was the case with the charged modes, there are other possible matches but they
lead to the same result [31]. We have not found a way to determine β ′W from
symmetry relations and must resort to the factorization model,
β ′W =
1
12
fBfD
√
mBmD =
βW
Nc
. (27)
An additional factor of 1/Nc = 1/3 relative to βW occurs because the contribution
of Qn2 to these weak transitions in factorization requires a Fierz transformation and
color rearrangement.
For weak transitions involving the positive parity states, B → D⋆⋆, we have
two new operators for the S doublet. The operators Qc2 and Q
n
2 in Eq. (20) for the
charged and neutral modes can be matched in the factorization approximation into
the operators
Qc2 → −βWTr
[
(H¯
(c¯)
j ξ
†
ju)γµ(1− γ5)
]
Tr
[
γµ(1− γ5)(ξdjS(b¯)j )
]
Qn2 → −β ′WTr
[
(H¯
(c¯)
j ξ
†
ju)γµ(1− γ5)
]
Tr
[
γµ(1− γ5)(ξdjS(b¯)j )
]
(28)
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for transitions of the form (0−, 1−)b → (0+, 1+)c. The extra minus sign is chosen
so that the coefficients βW and β
′
W are the same as those in Eqs. (23) and (27) if
we take the decay constants and masses of the two doublets to be the same. This
is approximately true for the decay constants in the analysis of Ref. [28] based on
QCD sum rules.
The T = (1+, 2+) multiplet does not participate in the weak transitions in this
approximation since its decay constant vanishes [35].
The matrix elements obtained from Eq. (28) (and corresponding ones for
(0−, 1−)b → (0+, 1+)c transitions) that do not involve light mesons are then
< D∗v(η)|Qc2|B1v(η
′
) > = −4βW η · η′,
< Dv|Qc2|B0v > = −4βW ,
< D∗v(η)|Qc2|B0v > = 4βWη · v,
< Dv|Qc2|B1v(η′) > = 4βWη⋆ · v, (29)
and the same expressions with βW → β ′W for the neutral modes. Finally we will
need weak transitions from (0+, 1+)b → (0+, 1+)c. They follow from an effective
Lagrangian like the one in Eq. (22) with S fields replacing H fields and produce
matrix elements with the same sign as those in Eq. (24).
IV. B → D⋆γ
We now turn our attention to the single radiative decay for exclusive channels.
Both the charged B+ → D⋆+γ and neutral B0 → D¯⋆0γ modes have been estimated
before. We begin with the charged mode discussion of Ref. [5]. With the ingredients
introduced in the previous section it is straight-forward to compute the amplitude
from the two diagrams in Figure 3. For the process B+v → D⋆+vi (η)γ(q, ǫ) we find in
D*B B*D*DB
FIG. 3: Pole diagrams responsible for B → D⋆γ at leading order in heavy quark and chiral
theories.
terms of the notation defined in the appendix, a leading order amplitude containing
only a magnetic form factor: FM = (FM )LOr
+
µ with,
(FM )LO (B
+ → D⋆+i γ) ≡
√
2GFV
⋆
ubVcdiβWe
(
µD+
mB+ −mD⋆+
)
r+µ ≡
(
1 +
µB+
µD+
2mB+
mB+ +mD⋆+
)
. (30)
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Similarly, for the neutral modes FM = (FM)LOr
0
µ with
(FM)LO(B
0
i → D¯⋆0γ) =
√
2GFV
⋆
cbVudiβ
′
We
(
µD0
mB0 −mD⋆0
)
r0µ ≡
(
1 +
µB0
µD0
2mB0
mB0 +mD⋆0
)
. (31)
Using the leading order magnetic moments and the GL limit to evaluate these
amplitudes yields r+µ = −1, r0µ = 1/2. Combining this with exact kinematics for the
phase space one obtains 3
Γ(B+ → D⋆+i γ) =
G2F
36
|V ⋆ubVcdi|2 α
(
βWβr
+
µ
)2 m⋆D
m4B
(mB −mD⋆)(mB +mD⋆)3
Γ(B0i → D¯⋆0γ) =
G2F
9
|V ⋆cbVudi |2 α
(
β ′Wβr
0
µ
)2 m⋆D
m4B
(mB −mD⋆)(mB +mD⋆)3.(32)
We wish to emphasize that these results exhibit a high sensitivity to non-leading
contributions to the magnetic moments. With exact kinematics (i.e. taking mB 6=
mD) and using the three models for magnetic moments in Table 8 of Ref. [17] one
finds
χ− loop : r+µ = −6.3, r0µ = 0.28,
V MD : r+µ = −4.7, r0µ = 0.38,
RQM : r+µ = −4.7, r0µ = 0.50. (33)
These numbers lead to predicted rates that are larger than the leading order pre-
diction by factors between 16 and 36 for the charged modes. For the neutral modes
the effect is more modest. Allowing the magnetic moments to vary in the ranges
predicted by these models results in the rates
0.7× 10−7 <∼ B(B0 → D¯⋆0γ) <∼ 4.6× 10−7,
1.5× 10−8 <∼ B(B0s → D¯⋆0γ) <∼ 3.0× 10−8,
3.6× 10−9 <∼ B(B+ → D⋆+γ) <∼ 4.9× 10−9,
0.7× 10−7 <∼ B(B+ → D⋆+s γ) <∼ 1.0× 10−7. (34)
There is also a significant uncertainty from the use of gM(0) for the electromagnetic
transitions, when in these reactions one should use gM(k
2 ∼ −E2γ ∼ −(2 GeV)2).
We now consider two types of higher order corrections to these results that are
counterpart to additional terms present in the pole model calculation of the neutral
modes in Ref. [6, 36]. They correspond to the diagrams shown in Figure 4. The first
3 Our rate for the charged process is a factor of 9 smaller than the result obtained in Ref. [5] which
corresponds to this limit. It appears that Ref. [5] incorrectly used the light antiquark charge to
calculate the magnetic moments instead of the light quark charge.
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c)
1BBD*1D
b)
D*0DBD*
a)
B D*
B
d)
D*
FIG. 4: Non-leading contributions to B → D⋆γ: a)P ∗ − P weak transitions that vanish
in the mB = mD limit; b-d) additional pole contributions from positive parity states.
diagram (Figure 4a) contributes beyond leading order in the heavy quark symmetry
when we allow for mB 6= mD. It generates an electric amplitude from corrections to
the leading order 1− propagator fixed by reparametrization invariance
FE(B
+ → D⋆+i γ) = −
√
2GFV
⋆
ubVcdiβWe
(
µD⋆+
mB+ −mD⋆+
)(
1− m
2
B
m2D
)
. (35)
The next two diagrams (Figure 4b,c) involve an intermediate positive parity state
that can be either the D0 or the D1 from the S multiplet. They generate an electric
and magnetic form factor respectively that can be written as
FE(B
+ → D⋆+i γ) = −
√
2GFV
⋆
ubVcdiβWe
(
µSD+
mB+ −mD0
)
FM(B
+ → D⋆+i γ) = −
√
2GFV
⋆
ubVcdiβWe
(
µSD+
mB+ −mD1
)(
1− m
2
B
m2D1
)
. (36)
Finally the last diagram (Figure 4d) involving an intermediate B1 meson contributes
to the electric form factor as
FE(B
+ → D⋆+i γ) = −
√
2GFV
⋆
ubVcdiβW eµ
S
B+
(
2mB
m2B −m2D⋆
)
. (37)
Analogous results are obtained for the neutral mode with the obvious replacement
V ⋆ubVcdiβW → V ⋆cbVudiβ ′W and magnetic moments and masses appropriate for neutral
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mesons. Combining all these partial results we finally obtain
FM (B
+ → D⋆+i γ) =
√
2GFV
⋆
ubVcdiβWe
(
µD+
mB+ −mD⋆+
)
(38)
·
(
1 +
µB+
µD+
2mB+
mB+ +mD⋆+
+
µSD+
µD+
m2B −m2D+
1
m2
D+
1
mB −mD∗+
mB −mD+
1
)
,
FE(B
+ → D⋆+i γ) = −
√
2GFV
⋆
ubVcdiβW e
(
µSD+
mB+ −mD∗+
)
·
(
mB −mD∗+
mB −mD+
0
− µD∗+
µSD+
m2B −m2D∗+
m2D∗+
+
µSB+
µSD+
2mB
mB +mD∗+
)
.
With the range of magnetic moments provided by the three models, we find
1.2× 10−5 <∼ B(B0 → D¯⋆0γ) <∼ 3.1× 10−5,
0.7× 10−6 <∼ B(B0s → D¯⋆0γ) <∼ 1.7× 10−6,
0.6× 10−7 <∼ B(B+ → D⋆+γ) <∼ 1.0× 10−7,
0.6× 10−6 <∼ B(B+ → D⋆+s γ) <∼ 1.4× 10−6. (39)
These ranges indicate only the uncertainty in the magnetic moments, in particular
they do not include the uncertainty in βW or any other parameters. For comparison,
Grinstein and Lebed obtained B(B+ → D⋆+s γ) = 2×10−8 [5] (when we correct their
number for the missing factor 1/9). As mentioned before, the charge mode exhibits
a large sensitivity to the value of the magnetic moments due to a partial cancellation
between the two terms in Eq. (30). This sensitivity is milder when the additional
terms are included as can be seen from the range in Eq. (39). Similarly we can
compare our result to that of Ref. [6], B(B¯0 → D⋆0γ) = 9.2×10−7. Again this result
has the same order of magnitude as the leading order contribution, Eq. (31), and the
larger number in Eq. (39) is due to the contributions of the positive parity states.
The prediction for B(B¯0 → D⋆0γ) in Eq. (39) is in fact close to the experimental
upper bound B(B¯0 → D⋆0γ) < 2.5 × 10−5 [37] and part of the range is already
excluded. For comparison, a recent calculation finds B(B¯0 → D⋆0γ) ∼ 1.6 × 10−6
[38] using a different framework. Although smaller than our range in Eq. (39), this
result is not incompatible with ours given the large uncertainty illustrated by the
differences between Eqs. (34) and (39).
V. B → Dγγ AND HQET
We are now in a position to estimate the B → Dγγ amplitudes. For the process
B → Dγγ there are 5 diagrams involving only the H doublet, shown schematically
on Fig.5. Diagrams Fig.5 (d) and (e) vanish at leading order due to the condition
vµ(g
µν − vµvν) = 0 at the weak vertex and we left with three LO diagrams. Two
of these diagrams have a B −D weak transition and the third one a B⋆ −D⋆ weak
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B* DB*B
B* DBB
(e)(d)
(c)
DD*
DD*B*B
DD*DB
B D*
(a) (b)
FIG. 5: Pole diagrams responsible for B → D⋆γγ at leading order in heavy quark and
chiral theories.
transition. In all cases the two photons are emitted from magnetic dipole couplings
on the external legs.
A straightforward calculation then yields the desired amplitude for B0 → D¯0γγ.
In terms of the form factors defined in the Appendix we find
A = −Cn
[
µ2D
∆m
(
1
∆m−E1 +
1
∆m− E2 ) +
µ2B
E1E2
+ µBµD(
1
E1(∆m− E1) +
1
E2(∆m− E2))
]
,
B = −A
2
, (40)
where E1 and E2 are photons energies, ∆m ≡ mB −mD, and we have defined
Cn ≡ 2
√
2πGFαemβ
′
WV
⋆
cbVudM
2
B (41)
Using these lowest order form factors we find a large range for the double ra-
diative decay rates depending on the model used for the magnetic moments, for the
mode with most favored CKM angles,
0.3× 10−10 <∼ B(B0 → D¯0γγ) <∼ 3.5× 10−10. (42)
This large sensitivity to the input parameters is due in part to a cancellation between
the terms involving the magnetic moments for the charm and bottom mesons. To
illustrate this we write
µD = −rµµB, (43)
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and show in Figure 6 Γ(B0 → D¯0γγ) as a function of rµ. We use the RQM magnetic
moment for the B and we normalize the rate to its value when rµ ∼ 2.87, the value
of µD in the RQM.
1 2 3 4 5
rΜ
5
10
15
20
25
G
Hr
Μ
L
FIG. 6: Γ(B0 → D¯0γγ) as a function of rµ. We use the RQM magnetic moment for the
B and we normalize the rate to its value when rµ ∼ 2.87, the value of µD in the RQM.
d)
DH1
~
BB
{ B  , B*}
c)
D1
~
DH
b)a)
D{ H,S }1,1{ D }D* D{ H,S } BB
B
FIG. 7: Additional diagrams involving particles from the (0+, 1+) and (1+, 2+) doublets.
H(S) stands for either of the H(S)-multiplet members
We next consider two other types of contribution. First the non-leading contri-
butions from diagrams d and e. They arise from corrections to the 1− propagator
16
,B* D,D*1D1BB
~
DS1
D
c)
B
e)
S D
B
~
B S
D
d)
1
1B S DD
a)
1
b)
B B
FIG. 8: Additional diagrams involving particles from the (0+, 1+) and(1+, 2+) doublets.
S stands for either of the S-multiplet members
that are fixed by reparametrization invariance resulting in
C =
Cn
2
[
µDµD⋆
∆m
m2B −m2D
m2D
(
1
∆m− E1 +
1
∆m− E2
)
+
µBµB⋆
E1E2
m2B −m2D
m2B
]
(44)
D = −Cn
2
[
µDµD⋆
∆m
m2B −m2D
m2D
(
1
∆m−E1 −
1
∆m− E2
)
− µBµB⋆(E2 − E1)
E1E2(E1 + E2)
m2B −m2D
m2B
]
.
Additional contributions arise when the positive parity states appear as in Figure 7.
The contributions from the S multiplet are
A = −Cn
[
µSDµD
∆m
m2B −m2D
m2D
(
1
∆m− E1 +
1
∆m− E2
)
− µ
S
BµB
E1E2
m2B −m2D
m2B
]
(45)
B =
Cn
2

µSD(µSD + µDm
2
B
−m2
D
m2
D
)
∆m
(
1
∆m− E1 +
1
∆m− E2
)
+
µSB(µ
S
B − µB m
2
B
−m2
D
m2
B
)
E1E2


C = −Cn
2
[
µSD
∆m
(µD − µSD
m2B −m2D
m2D
)
(
1
∆m−E1 +
1
∆m−E2
)
+
µSB
E1E2
(µB − µSB
m2B −m2D
m2B
)
]
D =
Cn
2
[
µSD
∆m
(µD + µ
S
D
m2B −m2D
m2D
)
(
1
∆m− E1 −
1
∆m− E2
)
− µ
S
B(E2 − E1)
E1E2(E1 + E2)
(µB + µ
S
B
m2B −m2D
m2B
) ]
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The contributions from intermediate T doublet states are
B = 4Cn
[
(µTD)
2
∆m
(
1
∆m−E1 +
1
∆m−E2
)
+
(µTB)
2
E1E2
]
(46)
C = −2Cn
[
(µTD)
2
∆m
m2B −m2D
m2D
(
1
∆m− E1 +
1
∆m− E2
)
+
(µTB)
2
E1E2
m2B −m2D
m2B
]
D = −2Cn
[
(µTD)
2
∆m
m2B −m2D
m2D
(
1
∆m− E1 −
1
∆m−E2
)
− (µ
T
B)
2(E2 −E1)
E1E2(E1 + E2)
m2B −m2D
m2B
]
Additional contributions from SS and TS multiplet transitions as in Figure 8.
We split them into those from diagrams with two members of the S doublet:
B =
Cn
2

µSDµD⋆m
2
B
−m2
D
m2
D
∆m
(
1
∆m− E1 +
1
∆m− E2 )−
µSBµB⋆
m2
B
−m2
D
m2
B
E1E2
+ µSBµ
S
D(
1
E1(∆m−E1) +
1
E2(∆m− E2))
]
,
C = −Cn
2
[
µSDµD
∆m
(
1
∆m−E1 +
1
∆m−E2
)
+
µSBµB
E1E2
− (µSBµD − µSDµB)(
1
E1(∆m− E1) +
1
E2(∆m− E2))], (47)
D = −Cn
2
[
µSDµD
∆m
(
1
∆m−E1 −
1
∆m− E2
)
− µ
S
BµB(E2 − E1)
E1E2(E1 + E2)
+ (µSBµD + µ
S
DµB)(
1
E1(∆m−E1) −
1
E2(∆m− E2))],
and those from diagrams with one member of the S doublet and one member of the
T doublet:
B =
2Cn√
3
[
µTDµ
TS
D
∆m
m2B −m2D
m2D
(
1
∆m−E1 +
1
∆m−E2
)
+
µTBµ
TS
B
E1E2
m2B −m2D
m2B
]
C =
4Cn√
3
[
µTDµ
TS
D
∆m
(
1
∆m−E1 +
1
∆m−E2
)
− µ
T
Bµ
TS
B
E1E2
]
(48)
D =
4Cn√
3
[
µTDµ
TS
D
∆m
(
1
∆m−E1 −
1
∆m− E2
)
+
µTBµ
TS
B (E2 −E1)
E1E2(E1 + E2)
]
.
In a similar manner we obtain the result for B± → D±γγ with the replacements
VcbVudβ
′
W → VubVcdβW , for B0s → D0γγ with Vud → Vus and B± → D±s γγ with
VcbVudβ
′
W → VubVcsβW .
Numerically we find the following ranges for the branching ratios when we vary
the magnetic moments over the range predicted in the three different models
1.7× 10−8 <∼ B(B0 → D¯0γγ) <∼ 8.0× 10−8,
0.8× 10−9 <∼ B(B0s → D¯0γγ) <∼ 4.3× 10−9,
0.6 · 10−11 <∼ B(B± → D±γγ) <∼ 2.0 · 10−11,
1.1 · 10−10 <∼ B(B± → D±s γγ) ∼ 3.6 · 10−10. (49)
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Once again these ranges include only variations of the rates with the magnetic
moments in the χLM, VMD and RQM. They do not include other uncertainties
such as that in the value of βW .
It is instructive to examine some of the features of the differential decay rates
and we do so for the mode with most favorable CKM angles, B0 → D¯0γγ. We
first plot in Figure 9 the normalized differential decay rate as a function of z, the
dimensionless photon pair invariant mass defined in Eq. (A7). The distribution does
not have any thresholds as our calculation does not include absorptive parts. It is
peaked at the higher invariant masses. To evaluate the limits of the heavy quark
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FIG. 9: Normalized differential decay rate for B0 → D¯0γγ as a function of the photon
pair invariant mass.
expansion we first show in Figure 10 the double differential decay rate as a function
of the energies of the two photons as a density plot. The darker regions correspond
to the most populated ones. The distribution is dominated by the region in which
both photons tend to have similar energy between 1 and 2 GeV. This indicates that
the approximation of constant magnetic moments for the photon emission vertices
is slightly better for the double radiative decay modes than it was for the single
radiative decay mode where Eγ ∼ 2.3 GeV. However, it is clear that a substantial
uncertainty remains due to this approximation.
Finally we show again the normalized differential decay rate as a function of
ω = v · v′ in Figure 11. Here we see that the distribution is peaked at ω ∼ 1.1,
not too far from the symmetry limit. The heavy quark expansion should be better
behaved for these modes than it is for the single radiative decays where ω ∼ 1.5.
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FIG. 10: Density plot for the double differential decay rate for B0 → D¯0γγ as a function
of the two photon energies.
A. Additional Contributions
We turn our attention to potential contributions with a different topology that
have not appeared so far. Specifically we have in mind contributions in which the
weak decay B → DX is followed by the electromagnetic X → γγ vertex. We do not
have a systematic way to include these contributions, but we illustrate them with
a few examples. In any case, if there is a dominant contribution of this form, the
photon pair invariant mass would be concentrated around MX and would be easy
to isolate experimentally.
An example of this topology with a cc¯ resonance is B → Dηc → Dγγ. Using the
narrow width approximation one finds Γ(B → Dγγ) = Γ(B → ηcD) · B(ηc → γγ).
Experimentally it is known that B(ηc → γγ) = 4.3 · 10−4 [9]. For the weak vertex
we can use a recent pQCD calculation as an illustration, B(B → ηcD) = 1.28 ·
10−5 [39]. This then leads to a contribution B(B0 → D¯0γγ) ∼ 5.5 · 10−9 smaller
than our result in Eq. 49. A different estimate B(B → ηcD) = 1.52 · 10−7 [40]
would make this contribution even smaller. Another charmonium resonance with a
measured two photon width is the χc0(1P )(0
+). Since the measured branching ratio
is B(χc0(1P )(0+)→ γγ) = 2.6 · 10−4, similar to that for ηc → γγ we expect at most
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FIG. 11: Normalized differential decay rate for B0 → D¯0γγ as a function of ω = v · v′.
a similar contribution to the double radiative B decay.
We expect much larger contributions from the light pseudoscalars. This can be
illustrated using the measured rates for B(B0 → D¯0X), X = π0, η, η′ which are all
at the 10−4 level, and the respective two photon widths which range from nearly
100% for the π0 to a few percent for the η′. These contributions would however, be
easily separated experimentally as the two photon invariant mass distribution would
correspond to sharp peaks at the respective mX .
VI. SUMMARY AND CONCLUSIONS
We studied the weak radiative decays of B mesons that occur at tree-level in
the Standard Model. We presented a numerical estimate for the inclusive double
radiative decay b → Xcγγ based on a free quark decay calculation. Our estimate
indicates that this mode is about an order of magnitude larger than the double
radiative penguin mode b → Xsγγ. As such it can be studied at future Super-B
factories in experiments designed to observe the double radiative penguin mode, and
in fact will be a significant background to that mode.
We reviewed the HQET formalism in connection with the study of the single
radiative exclusive modes of the form B → D⋆γ. We first reproduced existing results
in the literature for both charged and neutral modes with a leading order calculation
including only the (0−, 1−) doublet as intermediate states. These calculations exhibit
a large sensitivity to the value of the electromagnetic couplings due to a partial
cancellation. We then improved these lowest order results by including certain
known terms of order (mb − mc)/mc as well as by introducing the positive parity
doublets S and T as intermediate states. These two ingredients significantly enhance
the predictions as they remove the cancellation that occurs at lowest order. The
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framework is a good approximation in the mb ∼ mc limit, but significant corrections
are expected for the physical values of quark masses.
Finally we extended the calculations to the double radiative decay modes of the
form B → Dγγ. Once again we found significant cancellations between the lowest
order terms and a much larger rate when the positive parity states are included in
the calculation. The mode with the most favorable CKM angles is predicted at the
10−8 level, comparable to predictions for B → Kγγ.
We expect the HQET formalism to work best in the case when the velocity of the
heavy hadrons remains constant during the transition. Whereas this is kinematically
impossible in the single radiative decay modes, there are regions of phase space in
the double radiative decay modes where this could be tested (in principle at least).
We illustrate these regions with plots of the relevant differential decay rates.
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APPENDIX A: KINEMATICS
The most general amplitude for decays of the form M → V (η)γ(q, ǫ) consistent
with electromagnetic gauge invariance can be written in terms of two form factors.
Labeling the momentum of the initial stateM with its four velocity in its rest frame,
p =MMv, and denoting the polarization of V, γ by η, ǫ respectively
M(M → V γ) = ǫ⋆µ [iFMǫµναβvνqαη⋆β + FE (q · η⋆vµ − q · vη⋆µ)] . (A1)
Summing over the photon and vector meson polarizations the partial decay rate is
given by
Γ(M → V γ) = E
3
γ
4πM2M
(|FM |2 + |FE|2) , (A2)
For the heavy meson formalism in which the meson fields are normalized as
< M(v′, k′)|M(v, k) >= 2v0δvv′(2π)3δ3(~k − ~k′). (A3)
the decay rate becomes instead
Γ(M → V γ) = E
3
γ
4π
EV
MM
(|FM |2 + |FE|2) , (A4)
where we have used exact kinematics, otherwise in the heavy quark symmetry limit
EV =MM as well.
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The amplitude for decays of the type M → M ′γγ, with M,M ′ pseudoscalar
mesons,
M(M(p)→M ′(p3)γ(k1, ǫ1)γ(k2, ǫ2)) = ǫ⋆µ(k1)ǫ⋆ν(k2)Mµν(p, k1, k2), (A5)
is well known from the kaon literature [41]. The most general decay amplitude
Mµν(p, k1, k2) consistent with electromagnetic gauge invariance and Bose symmetry
contains four form factors. We write them here in terms of the velocity of M in its
rest frame, so that p =MMv as it appears within the HQET.
Mµν =
A(z, y)
M2M
(k2µk1ν − gµνk1 · k2) + iC(z, y)
M2M
ǫµναβk
α
1 k
β
2 (A6)
+
2B(z, y)
M2M
[v · k1vνk2µ + v · k2vµk1ν − v · k1v · k2gµν − k1 · k2vµvν ]
+ i
D(z, y)
M2M
[
v · k1ǫµναβkα2 vβ + v · k2ǫµναβkα1 vβ + (vµǫναβγ + vνǫµαβγ)kα1 kβ2 vγ
]
,
where
y =
v · (k1 − k2)
MM
, z =
(k1 + k2)
2
M2M
, r =
MM ′
MM
. (A7)
The relation between these dimensionless variables and the energy of the two photons
is
E1 =
1
4
MM ((z + 2y + 1)− r2)
E2 =
1
4
MM ((z − 2y + 1)− r2). (A8)
Recently, Hiller and Safir [42] have claimed in the context of B → Kγγ that there
are three additional form factors,
M ′µν = i
C+(z, y)
M3M
[
k1 · k2ǫµναβ(kα1 + kβ2 )vβ + (k2µǫναβγ + k1νǫµαβγ)kα1 kβ2 vγ
]
(A9)
+ i
C−(z, y)
M3M
[
k1 · k2ǫµναβ(kα1 − kα2 )vβ − (k2µǫναβγ − k1νǫµαβγ)kα1 kβ2 vγ
]
+ i
D−(z, y)
M2M
[
v · k1ǫµναβkα2 vβ − v · k2ǫµναβkα1 vβ + (vµǫναβγ − vνǫµαβγ)kα1 kβ2 vγ
]
.
It is well known, however, that these form factors are not independent and can be
reduced to the ones in Eq. (A6). This follows from the fact that in four dimensions
there are at most four linearly independent four vectors, and this gives rise to the
Schouten identity [43]. In this case all three terms in Eq. (A9) reduce to the second
form factor in Eq. (A6) so that 4
M ′µν =
(
MMyC
+(z, y) +
MM
2
(
1 + z − r2)C−(z, y)−D−(z, y)) ǫµναβkα1 kβ2(A10)
4 The authors of Ref.[42] agree with us and have added a note to this effect in their paper.
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The physical region in the dimensionless variables z and y is given by
0 ≤ |y| ≤ 1
2
λ1/2(1, r2, z), 0 ≤ z ≤ (1− r)2, (A11)
with
λ(a, b, c) = a2 + b2 + c2 − 2(ab+ ac + bc). (A12)
Note that the invariant amplitudes A(z, y), B(z, y) and C(z, y) have to be sym-
metric under the interchange of k1 and k2 as required by Bose symmetry, while
D(z, y) is antisymmetric. Using the definitions (A6) the double differential rate for
unpolarized photons and conventionally normalized meson fields is given by (in the
rest frame of M)
∂2Γ
∂y∂z
=
MM
29π3
[z2( |A+B|2 + |C|2 ) (A13)
+ ( |B|2 + |D|2 ) (y2 − 1
4
λ(1, r2, z))2].
With HQET normalization for the meson fields and with the two photons re-
taining their usual normalization Eq. (A13) is replaced by
∂2Γ
∂y∂z
=
M2MEM ′
29π3
[z2( |A+B|2 + |C|2 ) (A14)
+ ( |B|2 + |D|2 ) (y2 − 1
4
λ(1, r2, z))2],
of course, in the heavy quark limit EM ′ →M ′ as well.
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